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Abstract
Our contribution sets out to investigate the GeV-scale phenomenology of a model based on an
SUL(2) × UY (1) × U(1)X -gauge symmetry. The model accommodates, as a consequence of the
symmetry-breaking pattern, a light gauge boson at the GeV-scale or below, allowing then to set
up a new low energy physics. The fermion sector includes an exotic candidate to Dark Matter
(DM) and the whole fermionic field content yields, as it is mandatory, the cancellation of the chiral
anomaly. The light gauge boson and the exotic fermion are proposed as candidates to the so-called
dark sector of the model that we try to describe in this contribution. The low-energy spectrum
exhibits a hidden scalar field with mass fixed at the GeV level in the Higgs sector. We calculate
the DM relic density associated with the dark fermion candidate by considering two annihilation
processes in which the light gauge boson works as a portal for the DM detection. The observed
relic density points to a mass of 3.4 GeV for the DM fermion, while the light gauge boson mass
is 8.0 GeV. We also investigate the direct detection of DM in the low energy regime and obtain
the region of parameters allowed by recent discussions on DM limits. Finally, the correction to the
muon magnetic dipole moment is calculated considering the gauge boson mass at the GeV scale or
below.
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2I. INTRODUCTION
The scenario of particle physics at the GeV scale (1-10 GeV) and below has attracted
the attention of experimental research groups [1–4]. The search for a single light photon at
53 fb−1, in the e+ e− CM-collision with the production of a spin-1 particle, A′, referred to the
literature as a dark photon, is associated with the process e+ e− → γ A′ [1]. Immediately,
the dark photon decays into invisible fermion matter A′ → ζ¯ ζ , and the ζ-fermion can be a
candidate to be included in the Dark Matter (DM) content. The dominant decay mode for
the lowest-mass of the ζ-state fixes the conditionMA′ > 2Mζ , considering that theMA′-dark
photon mass is bounded from above by MA′ ≤ 8GeV. The A′-gauge boson is introduced in
the Standard Model (SM) framework as part of a new Abelian sector that mixes kinetically
with the usual electromagnetic photon. Therefore, this scenario based on A′ with an invisible
sector may work as a possible portal for a DM detection. The introduction of the A′-light
gauge boson has also been considered in recent models to explain the muon (g − 2)µ muon
anomaly [5–10].
In the context of a particular Nuclear Physics experiment, anomalies in the decay of
the excited state of 8 Be∗ to its ground state have suggested the existence of a new neutral
boson, dubbed X-boson, through the decay mode 8Be∗ → 8Be +X [11–13]. The X-boson
immediately decays into an electron-positron pair X → e+ + e−. It is a vector-type (spin-1)
neutral particle, with mass aroundmX = 17MeV that mixes kinetically with the SM photon.
Its origin could, in principle, be traced back to an extra gauge symmetry, U(1)X , in addition
to the symmetries of the SM. Thereby, the X-boson has a similar phenomenology to the
A′-dark photon, with a kinetic mixing of order 10−3, with the EM photon. A considerable
number of models has been proposed to explain theX-Boson phenomenology in the literature
[14–20].
The well-known (B − L)-model describes an extra gauge boson is based on the gauge
symmetry SUL(2) × UY (1) × U(1)B−L, which includes a U(1)B−L-extra group in the SM,
where the charge is defined by the baryon number (B) minus the leptonic number (L) [21–29].
The gauge sector has just one extra boson, while the Higgs is extended to include a doublet
and a singlet, or bi-doublets of scalars fields. We should keep in mind that the introduction
of an extra Higgs may be needed to explain the gauge boson mass at the GeV-scale, or
below. These masses are associated with a new range of VEVs of the extra Higgs scalar.
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The fermion sector is enlarged to ensure anomaly cancellation; for example, the introduction
of right-neutrinos components and exotic fermions singlets that could be candidates to a DM
content.
In the present paper, we re-assess the SUL(2)×UY (1)×U(1)X model spontaneous sym-
metry breaking (SSB) pattern is takes places in a scenario of energy at the GeV scale to
include a light gauge boson (A′) and an exotic Dirac fermion, that we call ζ-fermion, and
it can be a candidate to DM. We calculate the relic density of DM associated with the DM
fermion, and we study its phenomenology such that the light A′-gauge boson can connect
the SM fermions with the DM fermion candidate. In particular, two annihilation processes
are important for the DM detection : ζ ζ¯ → A′ → f f¯ and ζ ζ¯ → A′A′. The first case
yields the decay processes of A′ into SM fermions and DM fermion, if it is kinetically pos-
sible. Afterwards, we analyse the direct detection of DM and the bounds of XENON1T
experiment. We also calculate the contribution of the A′-gauge boson to the muon magnetic
moment, for the A′ mass at the GeV scale and below.
The organization of this paper follows the outline below: in Section II, we present the
model content based on an SUL(2)×UY (1)×U(1)X-symmetry. In the section III, we obtain
the massive eigenstates and correspondent neutral currents. In Section IV, we calculate the
relic density for ζ-fermion DM and we obtain the decay modes of the A′-gauge boson. In
Section V, we discuss briefly the direct detection of DM. The section VI addresses to the
problem of correcting the muon magnetic dipole moment whenever the model displays a
light gauge boson. Finally, our Concluding Comments are cast in Section VII.
II. THE FIELD AND PARTICLE CONTENT OF THE MODEL
The light gauge boson framework is introduced through the SSB mechanism in which the
new VEV-scale (vx) is at a lower scale with respect to the SM scale, vx ≪ v = 246GeV. The
original SUL(2)×UY (1)×U(1)X -symmetry is broken to the final electromagnetic symmetry
U(1)em. This SSB pattern has the VEV scale, vx, that is responsible for the lighter massive
gauge boson. It may describe the physics of the dark photon with a mass bound MA′ <
8GeV [1], the X-boson of mass 17MeV, or it can also describe the para-photon physics
at the Sub-eV-scale. The electric charge of the model remains like the one in the SM :
Qem = I3L + Y . The U(1)X -sector of X
µ couples kinetically with Y µ of UY (1) by means of
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a mixing parameter, χ
Lgauge = −1
2
tr
(
F 2µν
)− 1
4
Y 2µν −
1
4
X 2µν +
χ
2
Yµν X
µν , (1)
where it is currently estimated that χ ≃ 10−3 for models that discuss the kinetic mixing of
hidden photons in connection with the usual EM photon. The field strengths are defined as,
usually, by Fµν = ∂µAν − ∂νAµ + ig [Aµ , Aν ], Xµν = ∂µXν − ∂νXµ and Yµν = ∂µYν − ∂νYµ.
The fermions are minimally coupled to the gauge bosons through the covariant derivative:
Dµψi =
(
∂µ + i g A
a
µ
σa
2
+ i Yψi gy Yµ + iXψi gxXµ
)
ψi , (2)
where g, gy and gx are the dimensionless coupling constants associated with the symmetry
groups whereas Y and X are the charges of UY (1) and U(1)X , respectively. The ψi-fields
represent any fermion of the model whose content is given below :
Li =
 νe
ℓe

L
,
 νµ
ℓµ

L
,
 ντ
ℓτ

L
:
(
2,−1
2
,−1
)
,
ℓiR = { eR , µR , τR } : (1,−1,−1) ,
NiR = {NeR , NµR , NτR } : (1, 0,−1) ,
QiL =
 u
d

L
,
 c
s

L
,
 t
b

L
:
(
2,+
1
6
,+
1
3
)
,
QiR = {uR , cR , tR } :
(
1,+
2
3
,+
1
3
)
,
qiR = { dR , sR , bR } :
(
1,−1
3
,+
1
3
)
, ζL(R) : (1, 0,+1) . (3)
The charge values are displayed in Table I, and the model with a minimal U(1)X is quiral and
gravitational anomaly-free. The ζ-fermion is electrically neutral; it just sets the X-charge
as an example of a hidden charge.
The effective Higgs sector is made up by two scalars fields, Φ and Ξ, and its full Lagrangian
density reads as follows :
LHiggs = (DµΞ)†DµΞ− µ 2Ξ |Ξ|2 − λΞ |Ξ|4 + (DµΦ)†DµΦ− µ 2Φ |Φ|2 − λΦ |Φ|4 − λ |Ξ| 2 |Φ| 2
− f (ℓ)ij LiΦ ℓjR − f (d)ij QiLΦ qjR − f (u)ij QiL Φ˜QjR − f (ν)ij Li Φ˜NjR −Mζ ζL ζR + h. c. .
(4)
In the Lagrangian (4), Φ = (2,+1/2, 0) is the usual SM doublet, Ξ = (1, 0,+2) is a
scalar singlet needed for A′ acquires mass, {µΞ , µΦ , λΞ , λΦ , λ } are real parameters,
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Fields SUL(2) U(1)Y U(1)X
Li 2 −1/2 −1
ℓiR 1 −1 −1
NiR 1 0 −1
ζL(R) 1 0 +1
QiL 2 +1/6 +1/3
QiR 1 +2/3 +1/3
qiR 1 −1/3 +1/3
Φ 2 +1/2 0
Ξ 1 0 +2
TABLE I. The anomaly-free particle content for the U(1)X -model with a A
′ light gauge boson.
{
f
(ℓ)
ij , f
(u)
ij , f
(d)
ij , f
(ν)
ij
}
are Yukawa (complex) coupling parameters needed for the fermions
to acquire non-trivial masses, and Mζ is a Dirac mass for the ζ-fermion. In general, these
Yukawa couplings set non-diagonal 3 × 3-matrices, and, as usually, the Φ˜-field is defined
as Φ˜ = i σ2Φ
∗. The Majorana mass term for the Right-Handed Neutrinos (RHNs) was
omitted because it should rather be introduced in the context of a Z ′-model for which the
SSB mechanism takes place at the TEV scale. We here consider a SSB at the lower (GeV)
energy scale.
The covariant derivatives act on the scalar fields as below:
DµΦ =
(
∂µ + ig A
a
µ
σa
2
+ i YΦ gy Yµ
)
Φ ,
DµΞ =
(
∂µ + iXΞ gxXµ
)
Ξ . (5)
The Higgs potential in (4) acquires two stable VEV scales, that we refer to as v and vx, so that
the the scalars fields have their corresponding VEVs, 〈Φ〉0 =
(
0 v/
√
2
)t
and 〈Ξ〉0 = vx/
√
2,
respectively. The scalars fields are parameterized in the unitary gauge. Since v = 246GeV
is the VEV of SM, and vx generates the A
′-boson mass, in which we consider the condition
vx ≪ 246GeV from now on.
Therefore, we are ready to obtain the masses, the physical fields and the corresponding
interactions of A′ with the fermions of the model.
A Dark Hidden-Sector of Dirac Fermions at the GeV Scale 6
III. THE MASSES AND NEUTRAL CURRENTS
After the SSB takes place, the Lagrangian for the neutral gauge fields can be cast in a
matrix form as follows:
Lgauge = −1
4
KAB F
A
µν F
µν B +
1
2
M 2AB AµAA
µB + JµAA
µA , (6)
where the indices mean A,B = {Y µ , Aµ3 , Xµ } whereas KAB are the elements of the kinetic
matrix
K :=

1 0 −χ
0 1 0
−χ 0 1
 . (7)
The mass matrix, M 2AB, is given by
M2 =

g2v2/4 −ggyv2/4 0
−ggyv2/4 g 2y v2/4 0
0 0 4 g2x v
2
x

, (8)
and the current J µA is defined by
J µA =
∑
i
QiA ψ¯iγ
µψi + i Q
Φ
A Φ
†←→∂ µΦ + i QΞA Ξ†
←→
∂ µ Ξ , (9)
where the i fermion index runs i = { uL , dL , νL , eL , uR , dR , NR , eR , ζL , ζR }.
The diagonalization of the kinetic term is carried out by defining the sort of dreibein
KAB = e
a
A e
a
B, where the fields change as A
a
µ = e
a
AA
A
µ , and we obtain the diagonal
term as KAB F
A
µν F
µν B = F aµν F
µν a. The dreibein corresponds to the matrix
ea A =

1 0 −χ
0 1 0
0 0
√
1− χ2
 , (10)
and its inverse satisfies the condition e aA e
B
a = δ
B
A , or e
A
a e
b
A = δ
b
a . The mass matrix in
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the (a, b)-index basis reads as given below:
M 2ab = e
A
aM
2
AB e
B
b =

g2v2
4
+ 4χ
2g2xv
2
x
1−χ2
−ggyv2
4
4χg2xv
2
x
1−χ2
−ggyv2
4
g 2y v
2
4
0
4χg2xv
2
x
1−χ2
0 4g
2
xv
2
x
1−χ2

. (11)
This mass matrix can be diagonalized by the orthogonal transformation A aµ = R
a
iA
i
µ ,
where Rai are the elements of the diagonalizing matrix
R(θ, θW ) =

cos θW − sin θW 0
sin θW cos θW 0
0 0 1


1 0 0
0 cos θ − sin θ
0 sin θ cos θ
 , (12)
where θ is the Z-boson/A′-gauge boson mixing angle, and θW is the usual Weinberg angle.
The index i in A iµ refers to the gauge fields in the mass basis (fully diagonal mass matrix),
Aiµ =
(
Aµ , Zµ , A
′
µ
)
. Thereby, the diagonal mass matrix can be read as below:
M2D = R
tM2R =

0 0 0
0 M 2Z 0
0 0 M 2A′
 , (13)
whose eigenvalues, for the condition vx ≪ v, are given by
MZ ≃ v
2
√
g2 + g 2y and MA′ ≃
2gxvx√
1− χ2
√
1 +
χ2 g 2y
g2 + g 2y
. (14)
The first eigenvalue of (13) is identified as the photon mass, and the eigenvalue MA′ we
refer as the mass of the A′-physical field. The Weinberg angle is sin2 θW = 0.23, such
that the parametrization of g and gy is like the one of the SM : g = e/ sin θW = 0.62 and
gy = e/ cos θW = 0.34, and the θ-angle is defined by
tan(2θ) =
2χ sin θW√
1− χ2
M2Z
M2A′ −M2Z
≃ −2χ sin θW√
1− χ2 , (15)
where we may assume MZ ≫ MA′. By adopting these values, the Z-boson mass comes
out the same as in the SM, i. e., MZ = 91GeV, and the MA′ in (14) is the dark photon
mass, that depends on the two free parameters of model, gx and vx, and we can fix it as
MA′ = 8 GeV, or below. The θ-angle depends on the χ- kinetic parameter, the g and gy
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coupling constants. If we take χ = 10−3, we get the bound |θ| < 10−3, and the previous
expressions can be simplified with sin θ ≃ 0. When χ→ 0, the θ-angle goes to zero, and the
transformation (16) reduces to the usual diagonalization process of the SM.
Using the previous relations, the transformation to the basis of physical fields reads
Yµ = cos θW Aµ − sin θW Zµ +
χA′µ√
1− χ2 ,
A3µ = sin θW Aµ + cos θW Zµ ,
Xµ =
A′µ√
1− χ2 . (16)
In this basis, the interactions between the photon, Z− and A′-bosons and any chiral fermion,
ψi, of the model are cast below :
L int = e J µemAµ + e J µZ Zµ + J µA′ A ′µ , (17)
where the currents are defined by
J µem =
∑
i
Q iem ψ¯i γ
µ ψi , J
µ
Z =
∑
i
Q iZ ψ¯i γ
µ ψi , J
µ
A′ =
∑
i
Q iA′ ψ¯i γ
µ ψi , (18)
whose the generators Q iZ and Q
i
A′ are given by
Q iZ =
I i3L − sin2 θW Q iem
sin θW cos θW
, Q iA′ = χ g˜y Y
i + g˜xX
i . (19)
Notice that a millicharge χ g˜y emerges in the generator Q
i
A′ , and the Q
i
Z generator remains
like the one of the SM. The A′-gauge boson couples to a linear combination of currents
associated with the hypercharge and the X-charge. For convenience, we split the interaction
of the dark-photon with any f -fermion of SM and the ζ-fermion according to the expression
LintA′ = f¯ /A′ (cfV − cfA γ5) f + g˜x ζ¯ /A′ ζ , (20)
where g˜x := gx/
√
1− χ2, g˜y := gy/
√
1− χ2 ≃ 0.34, and the coefficients cfV and cfA are
defined by
cfV =
1
2
χ g˜y (Y fL + Y fR) + g˜xXf and cfA =
1
2
χ g˜y (Y fL − Y fR) . (21)
The A′-f interaction is not CP-invariant if the χ mixing kinetic parameter is χ 6= 0.
We have obtained the physical fields, the mass spectrum of the model, and the interactions
of a dark fermion candidate with the A′-gauge boson. In next Section, we shall investigate
its phenomenological consequences and the allowed parameter regions related to the DM
sector.
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IV. THE RELIC DENSITY OF DARK MATTER AND ITS PHENOMENOLOGY
Two annihilation processes are important for the DM detection : (i) ζ ζ¯ → A′ → f f¯
and (ii) ζ ζ¯ → A′A′. In both cases, the gauge boson A′ works as a portal that connects the
SM f -fermion with the ζ-fermion DM candidate. Before the phenomenological analysis, we
introduce the cosmological conditions needed to stabilize of ζ-fermion as a DM candidate.
We consider ζ and A′ in the thermal equilibrium in the early Universe, whose conditions are
given by
1. nζ σ
(
ζ ζ¯ → f f¯) > T 2/MP l ,
2. nA′ σ(A
′A′ → f f¯) > T 2/MP l ,
where T ≫ Mζ ,MA′ , n is the number density of ζ or A′, and the Planck constant is
H ∼ T 2/M 2P l with the Planck mass MP l = 1.22 × 1019 GeV. Under these conditions,
the ratio T 2/M 2P l is the Hubble constant. Using n ∼ T 3 for both cases, σ
(
ζ ζ¯ → f f¯) ∼
g˜2x
(
c2fV + c
2
fA
)
/T 2 and σ
(
A′A′ → f f¯) ∼ (c2fV + c2fA)2 /T 2 , yields
nζ σ
(
ζ ζ¯ → f f¯) = g˜2x (c2fV + c2fA)T ,
nA′ σ
(
A′A′ → f f¯) = (c2fV + c2fA)2 T . (22)
The freeze-in temperature is defined by
nσ|T=TFI = H(TFI) ∼
T 2FI
MP l
, (23)
where ζ and A′ get the thermal equilibrium with the SM particles. Requiring TFI >
Mζ , MA′ , we can set up the lower bounds : g˜
2
x
(
c2fV + c
2
fA
)
> Mζ/MP l and
(
c2fV + c
2
fA
)2
>
MA′/MP l. Therefore, g˜x
√
c2fV + c
2
fA > 10
−9 satisfies the conditions for the masses Mζ and
MA′ at the GeV-scale order, or below. We are now ready to push forward the DM analysis
by calculating the relic density associated with the ζ-fermion.
The DM relic density is the asymptotic solution to the Boltzmann equation [30, 31] :
ΩDMh
2 ≃ 1.07× 10
9 xf√
g∗MP l 〈vrσ〉 , (24)
where xf is the ratio of DM mass by the freeze-out temperature of the DM particle
xf =
Mζ
Tf
≃ ln(X)− 0.5 ln(ln(X)) . (25)
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The dimensionless parameter, X , is defined by
X = 0.038
√
gDM
g∗
MP lMζ 〈vrσ〉 , (26)
where g∗ = 106.75 is the effective total number of degree of freedom for the particles in
thermal equilibrium, gDM = 4 is the number of degrees of freedom for the DM particle and
〈vrσ〉 is the thermal average of the relative velocity (vr) times the annihilation cross section
(σ) . We approximate 〈vrσ〉 ≃ vrσ because the process is an s-wave annihilation.
We start off the analysis with the first annihilation process : ζ ζ¯ → A′ → f f¯ . Using
known quantum field-theoretic rules, the annihilation cross section times the relative velocity
at tree-level, in the non-relativistic limit, turns out to be [32]
vrσ(ζ ζ¯ → A′ → f f¯) ≃ g˜
2
x
2π
N (f)c
2c 2fA(M
2
ζ −m2f ) + c2fV (2M2ζ +m2f )
(M 2A′ − 4M2ζ )2 +M 2A′ Γ2A′
√
1− m
2
f
M2ζ
, (27)
where the total decay width of A′-boson is given by
ΓA′ =
MA′
12π
∑
f
N (f)c
√
1− 4m
2
f
M 2A′
[
c2fV
(
1 +
2m 2f
M 2A′
)
+ c2fA
(
1− 4m
2
f
M 2A′
)]
Θ(MA′ − 2mf )
+
g˜ 2x MA′
12π
√
1− 4M
2
ζ
M 2A′
(
1 +
2M 2ζ
M 2A′
)
Θ(MA′ − 2Mζ) , (28)
mf standing for the mass of SM fermions such that mf < MA′/2 and Mζ < MA′/2 for a
Dark fermion candidate. In (27) and (28), N
(f)
c is the color number of each fermion in the
final state: N
(Q)
c = 3 for a quark, N
(ℓ)
c = 1 for a charged lepton, N
(ν)
c = 1/2 for a SM
neutrino. We fix the A′-mass at MA′ = 8.0 GeV and gx = 0.4, under these conditions, the
DM relic density vs. Mζ is plotted in figure (1).
The observed DM relic abundance is described by the red line in the plot (1), whose value
known in the literature is Ωh2 = 0.12 [33]. The intersection of the relic density curve with
the red line yields the ζ-mass at Mζ = 3.4 GeV and Mζ = 4.6 GeV. If the decay A
′ → ζ ζ¯
is kinetically allowed, we may take the mass Mζ = 3.4 GeV in this process.
The A′ phenomenology points out to the decay A′ → µ+ µ− as one of the processes in
the final state of e+ e− → µ+ µ−A′. The result (28) reads the following decays
Γ(A′ → µ+µ−) ≃ g˜
2
xMA′
12π
≃ 34MeV , (29)
A Dark Hidden-Sector of Dirac Fermions at the GeV Scale 11
2000 3000 4000 5000 6000
10
-4
0.001
0.010
0.100
1
10
M

[MeV]
Ω
h
2
FIG. 1. A plot of DM relic density vs. Mζ for gx = 0.4 and MA′ ≃ 8 GeV, along with the observed
relic density (dashed horizontal line).
where we use MA′ ≫ mµ, and the same result holds for A′ → e+ e−. The branch ratio of
A′ → µ+µ−, whenever MA′ = 8.0 GeV and Mζ = 3.4 GeV, is given by
Br(A′ → µ+µ−) = Γ(A
′ → µ+µ−)
ΓA′
≃ 0.15 . (30)
The process e+ e− → γ A′ is searched for by the BABAR detector [1] followed by invisible
decays of A′ in a 53 fb−1 [34, 35]. All the decay processes of A′ are contained in the result
(28), if the process is kinetically allowed. The invisible sector is set by the decay A′ → ζ ζ¯,
in which, if we use Mζ = 3.4 GeV, the branch ratio of A
′ → ζ ζ¯ comes out given by
Br(A′ → ζ ζ¯) ≃ 0.10 . (31)
The BABAR experiment assumes that the single A′ exists in the range 0 < MA′ ≤ 8 GeV;
there, we plot the branch ratio of the processes A′ → µ+ µ− and A′ → ζ ζ¯ as function of MA′
in figure (2). The A′-decay width into quarks is kinetically allowed for q = {u , d , s , c }.
The branch ratio of A′ → u¯ u (and also is of A′ → d¯ d) reads below:
Br(A′ → u¯ u) ≃ 0.048 . (32)
The second case is dominated by the annihilation process ζ ζ → A′A′, that is valid under
the condition Mζ > MA′ . In the non-relativistic limit, the annihilation cross section times
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FIG. 2. The branch ratio of the processes A′ → µ+ µ− (black line), A′ → q¯ q (dashed line) and
A′ → ζ+ ζ− (dotted line) as function of MA′ at the GeV scale, for Mζ = 3.4 GeV and gx = 0.4.
the relative velocity can be read below
vrσ(ζ ζ → A′A′) ≃ g˜
2
x
16πM2ζ
(
1− M
2
A′
M2ζ
)3/2(
1− M
2
A′
2M2ζ
)−2
. (33)
We depict gx versus Mζ in figure (3) (Left panel), along which the observed DM relic
abundance is reproduced. In this analysis, we adopt MA′ = Mζ/3, as an example.
V. THE DIRECT DETECTION OF DARK MATTER
The direct detection of DM is associated with the recent experiments XENON1T [37] and
LUX [38]. The spin-independent cross section is the main equation for the elastic scattering
of the DM particle with a nucleon (N), via the process ζ N → ζ N mediated, in this model,
by the A′-hidden gauge boson.
The expression for the spin-independent cross section is given by [32, 36]
σSI ≃
µ2ζN
π
[
Zfp + (A− Z)fn
A
]2
, (34)
where µζN = MζMN/(Mζ +MN) is the reduced mass of the system nucleon/dark fermion ζ ,
MN is the nucleon mass, Z is the atomic number, A is the atomic weight, and the parameters
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FIG. 3. Left Panel : The gx as a function of Mζ in which we have set MA′ =Mζ/3 for the second
case ζ ζ → A′A′. Right Panel : The coupling constant gx versus Mζ in the first annihilation
process ζ ζ¯ → A′ → f f¯ , for the masses of MA′ = 6.0 GeV, MA′ = 8.0 GeV and MA′ = 10.0 GeV,
respectively. The dashed lines (red, blue and green) are the XENON1T experiment bounds. In
both plots, the observed relic density is reproduced along the solid lines.
fp and fn are defined in terms of the coupling constants and A
′-mass
fp =
g˜x
M2A′
(2gu + gd) ,
fn =
g˜x
M2A′
(gu + 2gd) . (35)
We set gu = gd = g˜x/3, so that fp = fn, and we obtain the relation
σSI =
µ2ζN
π
f 2p =
g˜4x
π
µ 2ζN
M 4A′
. (36)
From the XENON1T experiment result, the upper bound for the nucleon scattering cross
section is
σSI ≤ 9.0× 10−11
(
Mζ
100 GeV
)
pb . (37)
We plot these bounds in figure (3) (Right Panel with the dashed curves red, blue and green).
Using the mass Mζ = 3.4 GeV, the upper bound for the cross section is σSI ≤ 3.0 × 10−12
pb.
VI. THE MUON ANOMALOUS MAGNETIC DIPOLE MOMENT
The anomalous magnetic moment of an f -fermion of the model is corrected by the diagram
with photon vertex mediated by the A′-propagator in the loop, as illustrated in the diagram
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FIG. 4. The one-loop correction of the A′-gauge propagator to the vertex photon-
f f¯ .
(4). Using usual rules of field theory, the correction is written in terms of the integral
∆af (A
′) =
N
(f)
c
8π2
m 2f
M2A′
∫ 1
0
dz
c2fV PV (z) + c
2
fA PA(z)
(1− z) (1− λ 2f z) + λ 2f z , (38)
where z is a real parameter, PV (z) = 2z
2(1 − z), PA(z) = 2z(1 − z)(z − 4) − 4z3 λ 2f and
λf = mf/MA′, in which mf stands for the lepton or quark mass. To simplify (38), we use
g˜x ≫ χ g˜y, such that we can approximate cfV ≃ g˜xXf , and to set cfA ≃ 0 when compared
to cfV .
The muon magnetic moment is an interesting physical quantity that may reveal new
physics beyond the SM. Using the mass MA′ = 8.0 GeV, we get the ratio λµ = mµ/MA′ ≃
0.013 to yield the small result
∆aµ(A
′) ≃ g˜
2
x
12π2
m 2f
M2A′
≃ 2.3× 10−7 . (39)
If the A′-gauge boson is replaced by the X-boson, the mass MX = 17 MeV yields the ratio
λµ ≃ 6.21, so that the muon anomalous moment receives a bigger contribution
∆aµ(X) ≃ 0.0014 , (40)
where we have used g˜x = 0.4. The plot of ∆aµ versus A
′-mass at the MeV-scale is illustrated
in the figure (5).
VII. CONCLUDING COMMENTS
We have devoted efforts to discuss a model with an extra U(1)X-factor that may describe
a possible scenario of a Particle Physics beyond the Standard Model (SM) at the GeV
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FIG. 5. The correction to the muon’s gyromagnetic ratio as function of A′-mass at the MeV scale,
for mµ = 105.7 MeV and gx = 0.4.
energy scale. The proposal is based on the gauge group SUL(2) × UY (1) × U(1)X , where
the extra U(1)X -factor introduces neutral gauge boson with a mass of 1 − 10 GeV. The
mass is generated upon a spontaneous symmetry breaking (SSB) mechanism that sets up
an extra VEV scale vx, beyond that VEV of 246GeV associated with the usual Higgs field
of SM. The mechanism driven by the SSB pattern takes place at the VEV scale-vx, where
vx ≪ 246GeV.
The model can be discussed in different scenarios: in connection with an A′-gauge boson,
the X-boson or the paraphoton phenomenology, at GeV-scale or lower, which can be related
to DM particles. The X-boson case encompasses the recent description of a new boson
needed to explain the excited 8-Beryllium nuclear decay. In this particular case, the mass
of the X-boson is fixed at the mass scale of MX = 17MeV. We have calculated the relic
density associated with a dark fermion candidate, where the A′-gauge boson works as a DM
portal through the two annihilation processes ζ ζ¯ → A′ → f f¯ and ζ ζ → A′A′. The
observed relic density for the first case has yielded the mass around Mζ = 3.4 GeV as a
possible DM candidate, and we have worked out the decay modes of A′ with the branch
ratio of A′ → µ+ µ−, A′ → q+ q− and A′ → ζ+ ζ−. The other important annihilation process
is ζ ζ¯ → A′A′. In this case, we have obtained the plot of the coupling constant gx vs.
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Mζ for the observed relic density Ωh
2 = 0.12. Next, we have briefly discussed the direct
detection of DM through the elastic scattering process ζ N → ζ N and we have compared
the parameters with the XENON1T experiment. Finally, we have analyzed the result for
the 1-loop correction to the muon magnetic dipole moment. For the A′-gauge boson with an
8 GeV mass, we have got the tiny value ∆aµ = 2.3× 10−7; on the other hand, the X-boson
model with 17MeV mass yields ∆aµ ∼ 0.0014. This may be seen as an meaningful signal
of a new physics beyond the SM.
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